Pseudomonas (Comamonas) testosteroni T-2 completely converted p-toluenesulphonic acid (TS) orp-sulphobenzoic acid (PSB) to cell material, C 0 2 and sulphate, with growth yields of about 5 g protein (mol C)-l. PSB and sulphite were excreted as transient intermediates during growth in TS-salts medium. All reactions of a catabolic pathway involving sidechain oxidation and cleavage of the sulphonate moiety as sulphite were measurable in the soluble portion of cell extracts. Degradation of TS and PSB was inducible and apparently involved at least two regulons. TS was converted to p-sulphobenzyl alcohol in a reaction requiring NAD(P)H and 1 mol O2 (mol TS)-l. This alcohol was in an equilibrium (in the presence of NAD+) with p-sulphobenzaldehyde, which was converted to PSB in an NAD(P)+-dependent reaction. PSB was desulphonated to protocatechuic acid in a reaction requiring NAD(P)H and 1 mol O2 (mol PSB)-l. Experiments with '*02 confirmed involvement of a dioxygenase, because both atoms of this molecular oxygen were recovered in protocatechuate. Protocatechuate was converted to 2-hydroxy-4-carboxymuconate semialdehyde by a 4,Sdioxygenase.
I N T R O D U C T I O N
Several aliphatic, glyco and aryl sulphonates occur naturally (Laskin & Lechevalier, 1984) , and so they might be expected to be biodegradable. However, some synthetic detergents (Cain, 198 l) , sulphonated dyestuffs (Meyer, 198 1) and their precursors (Bretscher, 198 1) are generally poorly degraded. The appearance of these chemicals in rivers (Malle, 1978) indicates a need for a better understanding of their metabolism.
Proof of quantitative degradation of individual aromatic sulphonates has accumulated in recent years (Cain & Farr, 1968; Brilon et al., 1981 a; Thurnheer et al., 1986; Nortemann et al., 1986; Ziirrer et al., 1987; Wittich et al., 1988; Locher et al., 1989) and desulphonation of aryl sulphonates serving as carbon sources for growth involves liberation of the sulphonate moiety as sulphite (Johnston et al., 1975) . There have been very few observations of high rates of desulphonation by cell-free systems cf. Heyman & Molof, 1968; Willetts & Cain, 1972; Endo et al., 1977; Locher et al., 1989) . In consequence, Brilon et al. (1981b) suggested a mechanism of dioxygenolytic desulphonation based on results of experiments with whole cells. Known degradative pathways for aromatic sulphonates with short sidechains seem to involve initial desulphonation, followed by standard pathways for the resultant aromatic ring structures (Cain & Farr, 1968; Brilon et al., 1981 b; Swisher, 1987) . In at least one case, failure to desulphonate an intermediate caused serious growth inhibition (Kulla et al., 1983) . p-Toluenesulphonate (TS), which is mainly used as a hydrotropic agent in detergent formulations, has served as a model compound in studies of the biodegradation of alkylated benzenesulphonates and was found to be degraded via 4-methylcatechol (Cain & Farr, 1968; Focht & Williams, 1970 ). 1 . 1 . 1 . 1 ; Boehringer), yeast aldehyde dehydrogenase (EC 1 .2.1.5; Sigma) and cofactors (Boehringer) were from commercial sources. 802 (isotope enrichment 97%) was purchased from CEA-ORIS, Gif-sur-Yvette, France. Diazomethane was prepared from nitrosomethylurea as described by Darbre (1970) . All other chemicals were of reagent grade or better.
Apparatus and analyses. Spectrophotometric and optical density measurements , and capillary GC (Scholtz et al., 1987) were done with apparatus described previously. Capillary GC-MS was done with a Carlo Erba chromatograph (model 5300) coupled to a Kratos mass spectrometer (model 25RF). HPLC was done with an LKB apparatus fitted with a UV-detector and a diode array detector (Pharmacia). Aromatic compounds were routinely determined by HPLC with reversed-phase columns (Grossenbacher et al., 1986) and isocratic elution at room temperature. The mobile phase was 100 mM-potassium phosphate buffer, pH 2.2, with an appropriate amount of methanol (0 to 40%, v/v); on occasion, the eluent was at pH 7 and the column was cooled in an ice-water slurry. Oxygen consumption was measured in a Clark-type electrode (Oxi 91 ; WTW, Weilheim, FRG) with a 6 ml chamber which contained 24 mg protein (supernatant fluid from cell extract after centrifugation at l00OOOg for 90 min), 3 pmol NADH, 300 pmol Tris/HCl buffer, pH 7.2, and 0.2 pmol substrate, with which the reaction was started. Net oxygen uptake was calculated from total uptake by correction for endogenous respiration. Methyl 0,O'-dimethylprotocatechuate was quantified or its mass spectrum examined after separation on a phenylmethyl silicone capillary GC column (Scholtz et al., 1987) ; splitless injection and a flow rate of 30 ml He min-l were used. Samples were injected at an oven temperature of 140 "C and a temperature gradient (8 "C min-l) was applied to 210 "C, after which the temperature was raised to 300 "C at 20 "C min-l. Sulphite (Grant, 1947;  as in the modification of Kondo et al., 1982) , sulphate (Schauder et al., 1986; Johnston et al., 1975) and protein from whole cells (Cook & Hutter, 1981) or in extracts (Bradford, 1976) were measured by routine co1orin)etric methods. Dissolved organic carbon was measured by standard methods (Greenberg et al., 1981) .
Organism, growth medium and quantitative aspects of growth. Pseudomonus testosteroni T-2 was isolated by Thurnheer et al. (1986) as Pseudomonas sp. strain T-2, whose taxonomic status was refined by chemotaxonomy (G. Auling, personal communication). The growth medium contained 40 mM-pOtaSSiUm phosphate buffer (pH 7.2), 20 m~-NH,cl, 0.25 mM-MgSO,, trace elements ) and a single carbon source (up to 6 mM); complete medium could be autoclaved (121 "C, 20 min) without loss of components or formation of a precipitate. Determination of growth yield [as the regression line of protein formed (mol carbon)-' in carbon-limited batch cultures], growth kinetics, the preparation of large amounts of cells for enzyme assays, and removal and storage of samples from cultures were as described by Thurnheer et al. (1986) . P. testosteroni NCIB 8893 was obtained from the NCIB, Aberdeen, UK.
Preparation of cell extracts and enzyme assays. Pellets of harvested, active cells could be frozen and thawed without loss of activity (desulphonation of TS). Bacteria were suspended in 50 mM-Tris/HCl buffer, pH 7.2, disrupted in a French press, and, after centrifugation of disrupted material at low or high speed, the supernatant fluid was used for enzyme assays, with or without desalting, as previously described . This crude extract lost activity (desulphonation) on freezing and thawing. Enzyme assays were routinely done in 5 ml reaction mixtures, which were shaken in a water bath at 30 "C. The assays contained 250 pmol Tris/HCl buffer (pH 7.2), 2-5-20 mg protein, 5 pmol NADH (unless otherwise stated) and 7.5 pmol substrate, with which the reaction was started. Samples were taken at intervals for determinations of substrate disappearance and product formation as detailed by Thurnheer et al. (1986) . No substrate disappeared or gave rise to sulphite in the absence of enzyme and no sulphite or interference in HPLC determinations was observed in cell extracts. NADH at concentrations above about 1.0 mM interfered with the sulphite assay, and standard curves for sulphite were modified appropriately. Kinetic constants were calculated from Lineweaver-Burk plots of data from appropriate reaction mixtures. Experiments under anaerobic conditions were done as previously described (Cook et al., 1984; Thurnheer et al., 1986) . Experiments to follow the incorporation of oxygen into PSB were done in 100 ml serum bottles which were closed with butyl rubber stoppers and which contained defined atmospheres of nitrogen (80%, v/v) and oxygen ( 1602, 1802 or both; 20%, v/v). Reaction mixtures (10 ml) contained 10 mg protein (desalted cell extract), 20 pmol NADH, 10 pmol EDTA and 500 pmol degassed Tris/HCl buffer, pH 7.2. Air in the bottles was replaced by three cycles of evacuation and purging with N2. A portion (20 ml) of the gas phase was removed with a gas-tight syringe and replaced with 20 ml of 1602 or 1802, or 10 ml each of and I6O2. The reaction was started by injection of 30 pmol PSB (50 pl). After 60 min, the reaction was stopped by the addition of 350 pl of 70% (v/v) perchloric acid. Protein was removed by centrifugation and the supernatant fluid was extracted twice with equal volumes of diethyl ether. The ether fractions were dried over anhydrous Na2S0, and concentrated to a volume of 1 ml. Methanol (100 pl) was added and solutes were methylated with diazomethane (Darbre, 1970) . The solvents were removed in uucuo and the residue was dissolved in 200 pl of methanol prior to GC-MS analysis.
R E S U L T S
Physiology P. testosteroni T-2 grew in salts medium containing TS, PSB or p-hydroxybenzoate with growth yields of 4.6, 5.0 or 5.0 g protein (mol C)-l. Each of these stable carbon sources disappeared from the medium, negligible amounts (< 5%) of dissolved organic carbon remained and the sulphonate moiety (where present) was recovered in molar yields of lOO-llO% as sulphate ( Fig. la) , which was identified by two methods. These data show that strain T-2 converts each of these carbon sources quantitatively to cell material and C 0 2 (cf. Cook, 1987) , that the man-made and natural products are utilized with equal facility, and that the C-S bond is cleaved. Kinetic analysis of the growth of strain T-2 showed that TS supported a specific growth rate ( p ) of 0.37 h-l ( Fig. 1 a) ; PSB and p-hydroxybenzoate supported rates of 0.30 and 0.53 h-l, respectively (not shown). A transient organic intermediate, which co-chromatographed with authentic PSB, was excreted during growth in TS-salts medium (Fig. 1 a, b) . The identity of the intermediate was confirmed by UV-spectroscopy (Table 1) and by co-chromatography with authentic material under different conditions [as the carboxylate anion (at pH 7.0) rather than with the carboxyl group protonated (at pH 2.2)]. Growth was directly proportional to substrate ([TS] + [PSB]) utilization ( Fig. 1 b) , with a yield similar to that observed in batch cultures, so no other significant organic intermediates were excreted. Maximum rates of degradation of TS and PSB during growth were calculated to be 4.6 and 2.6 mkat (kg protein)-', respectively. Transient excretion of sulphite during growth (Fig. 1 a ) showed that the sulphono moiety was cleaved to yield sulphite, which was then oxidized to sulphate. We thus have complete mass balances for carbon and sulphur, and we postulate degradation by sidechain oxidation followed by desulphonation.
Strain T-2 grew with p-toluate (but not toluene), p-phthalate, benzyl alcohol, benzaldehyde, benzoate and p-hydroxybenzoate as sole sources of carbon and energy for growth.
Biochemistry
Extracts of cells harvested in the exponential phase of growth in TS-salts medium catalysed rapid degradation of TS (Fig. 2) . Cells harvested in the stationary phase led to practically inactive preparations. The activity of extracts was unaltered by the removal of particulate matter by ultracentrifugation, indicating that the enzymes involved are soluble. Extracts from cells grown in succinate-salts medium showed no activity towards sulphonated substrates ( Table  2) and extracts of cells grown in benzoate-salts, p-hydroxybenzoate-salts or p-phthalate-salts medium did not significantly desulphonate PSB (results not shown), indicating the inducible nature of the enzymes. Extracts from PSB-grown cells did not transform TS, so at least two regulons appear to be involved in the degradation of TS to natural products.
Introduction of an hydroxyl moiety into the methyl group of TS. Degradation of TS showed an absolute requirement for molecular oxygen, and 1 mol O2 (mol TS)-l was required for the conversion of TS to PSB (Table 2) . There was a requirement for a cofactor of low molecular mass, whose removal by desalting was compensated for by the addition of NADH or NADPH to the reaction mixture (Table 3) . Activity was observed with NAD+, after a lag phase, but not with NADP+ (Table 3) . When NADPH was used as a cofactor, SOL was accumulated; its identity was confirmed by co-chromatography with authentic material and by its UV-spectrum (Table 1 ). The initial reaction with TS thus appears to be catalysed by a monooxygenase. This reaction was activated by Fe2+ and by Mg2+ and was inhibited by ATP (Table 3 ). The enzyme was saturated at about 0.2 mM-NADH (not shown), which was required in only catalytic amounts (some 2 mM-substrate converted in the presence of 0.2 mM-NADH). 
Efect of diferent compounds on the metabolism of TS and PSB by desalted cell extracts of TS-grown P . testosteroni T-2
The standard assay (5 ml) without NADH was used and the additions indicated in the table were each present at 5 pmol per reaction mixture. Disappearance of TS or PSB was followed by HPLC. 
Rate of

NADH.
Oxidation of SOL to PSB. SOL, accumulated in reaction mixtures containing TS and NADPH, disappeared on the addition of NAD+. We interpret this to indicate the presence of an NAD+-linked SOL dehydrogenase. SYD was a substrate for an NAD(P)+-linked reaction in crude extracts (Table 2) , and PSB was observed as an intermediate in this reaction : SOL was also formed when reaction mixtures contained NAD+. We thus observed interconversion of SYD and SOL, and degradation of SYD via PSB.
Both benzyl alcohol and benzaldehyde were degraded by NAD+-coupled enzymes in crude extracts (Table 2 ) and the aldehyde was partly converted to the alcohol in the presence of NADH. We presume there to be an inducible aromatic alcohol dehydrogenase and an inducible aromatic aldehyde dehydrogenase and that each has broad substrate specificity.
Desulphonation. The desulphonation of PSB in cell-free extracts was dependent on both molecular oxygen (no reaction occurred under anaerobic conditions) and NAD(P)H (Table 3) . FADH could not replace NAD(P)H. The addition of Fe2+ led to a doubling of the desulphonation activity (Table 3) . Desulphonation of PSB to its product required 1 mol O2 (mol PSB)-l (Table 2 ) and led to the release of stoichiometric amounts of sulphite. Up to about 0.7 mol protocatechuate (mol PSB)-l was observed. The identity of the protocatechuate was confirmed by co-chromatography with fully protonated authentic material on reversed-phase HPLC, by its UV-spectrum (Table l) , by co-chromatography with an anionic form of the authentic material (pH 7-0) and by GC-MS. Methylation of protocatechuate recovered from the oxygenation of PSB in the presence of 1602 yielded three products whose mass spectra identified them as methyl O,O'-dimethylprotocatechuate (e.g. M+ = m/z 196, [M -CH3]+ = 181, [M -OCH3]+ = 165) and the two methyl 0-methylprotocatechuates (data not shown). These data confirmed that protocatechuate is the product from PSB. Protocatechuate formed in the presence of pure *02 exhibited a mass spectrum 4 mass units higher than described above (not shown), indicating that no oxygen in the phenolic oxygens of protocatechuate derived from water. When both isotopes of molecular oxygen were present, either two atoms of l60 or two atoms of l80 were incorporated (data seen by referees). The desulphonation reaction thus involved a dioxygenase, in agreement with the 1 mol of oxygen consumed by the reaction (Table  2) , rather than two monooxygenases, which would have led to the formation of product with each isomer present and which would require 2 mol oxygen (mol substrate)-'. The accumulation Table 4 .
Range of sulphonated compounds subject to transformation andlor desulphonation by cell-free extracts of P . testosteroni T-2 grown in TS-salts medium
Transformation was determined as substrate disappearance. Desulphonation was assayed as release of sulphite. The limit of detection was 0-01 mkat (kg protein)-'. of protocatechuate was affected by the activity of the ring-cleavage enzyme (see below). The K , of the desulphonating enzyme for NADH was about 0-3 mM. This cofactor was apparently required in stoichiometric amounts.
Only one compound was desulphonated by cell extracts, PSB (and PSB derived from TS) ( Table 4 ). Three sulphonates with meta and para substituents were transformed without desulphonation to unidentified products, which were detected by HPLC. Unsubstituted and ortho-substituted sulphonates did not serve as substrates.
Ring cleavage of protocatechuate. This reaction was dependent on the presence of molecular oxygen [ 1 mol (mol protocatechuate)-' ; Table 21 and a divalent cation. Fe2+ was the most effective cation and the addition of 2mM-EDTA blocked the reaction. The product of ring cleavage was yellow (at pH 7, absorption maximum 410 nm) and underwent a reversible blue shift under acidic conditions, corresponding to the published data for 2-hydroxy-4carboxymuconate semialdehyde (Ribbons & Evans, 1961) . The yellow product had the same UV-spectrum as, and coeluted from reversed-phase HPLC with, authentic 2-hydroxy-4carboxymuconate semialdehyde. The organism thus contains a meta ring-cleavage system for protocatechuate.
DISCUSSION
The degradative pathway for TS in P . testosteroni T-2 ( Fig. 3) has been established by demonstrating each reaction and by identifying the intermediates. This pathway differs from the established initial desulphonation of TS, with the release of 4-methylcatechol (Cain & Farr, 1968; Focht & Williams, 1970; Thurnheer, 1988) , in that several metabolic steps precede desulphonation. Oxidation of a sidechain prior to manipulations on the ring is a common alternative to initial attack on the ring (Fewson, 1981) , but previous work on homologues of linear alkyl benzene sulphonate detergents showed desulphonation to precede manipulations of sidechains with fewer than five carbon atoms (Swisher, 1987) . One other example of desulphonation of a small organosulphonate subsequent to initial metabolic transformation is known : the deamination of p-aminobenzenesulphonate to 4-sulphocatechol in a mixed culture (Feigel & Knackmuss, 1988 Locher, unpublished) .
The four enzymic steps demonstrated between TS and protocatechuate are inducible and organized in at least two regulons. There is nothing unusual in this genetic organization (cf. Fewson, 1988) . We would anticipate one or more systems to transport these polar sulphonates into the bacterial cell prior to degradation by the soluble enzymes (Fig. 3) . No evidence is currently available in P . testosteroni T-2, but Thurnheer (1988) has evidence for a stereospecific permeability barrier to sulphonates in Alcaligenes sp. strain 0-1. Our evidence for a soluble TS-monooxygenase excludes the introduction of a hydroxyl group from water (cf. Hopper, 1978) . Dehydrogenases for aromatic alcoholic sidechains usually display a wide substrate spectrum (MacKintosh & Fewson, 1988) , although several isofunctional enzymes may be synthesized. Dehydrogenases for SOL and SYD are induced during growth of P. testosteroni T-2 in TS-salts medium ( Table 2) , but it is not proven that they are synthesized specifically to degrade sulphonates. We do not know how many isofunctional enzymes are available to the cell.
The data show that desulphonation is concomitant with dioxygenation, but they do not eliminate the possibility that the sulphono-dihydrodiol (Fig. 3 ) occurs as an intermediate (cf. Brilon et al., 1981 b) , that is subject to desulphonation by a dihydrodiol dehydrogenase. We have observed, however, a requirement of 1 mol NADH (mol PSB oxidized)-', whereas the activity of a dihydrodiol dehydrogenase would regenerate the NADH consumed in the dioxygenation, such that only catalytic amounts of NADH would be required (as with TS monooxygenase). We thus presume the mechanism proposed by Brilon et al. (1981 b) , i.e. spontaneous desulphonation of any sulphono-dihydrodiol, to represent the reaction.
The assay of ring-activating dioxygenases (as opposed to, for example, ring-cleavage dioxygenases) in cell-free preparations is still relatively unusual (Irie et al., 1987) , and, with the exception of Thurnheer et al. (1986) , the few reports of desulphonation in crude extracts describe very low specific activities [1-10 pkat (kg protein)-' ; Heyman & Molof, 1968; Willetts & Cain, 1972; Endo et al., 1977; Locher et al., 19891 . Our activity is some two orders of magnitude higher [0.7 mkat PSB (kg protein)-' ( Table 2) ], and is 27% of the activity displayed by growing cells. This is an improvement on our previous work and is relatively higher than that observed for many dioxygenases (Gibson et al., 1982) . Similarly, the activity of TS monooxygenase ( Table 2) is 22% of that required by growing cells [4.6 mkat (kg protein)-']. The high level of the monooxygenase in growing cells, compared with the rate of desulphonation, would explain the excretion of PSB (Fig. la) .
